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Phenotypic and Genotypic Characteristics of Clinical Pseudomonas
aeruginosa Isolates: Antimicrobial Susceptibility Profiles and Molecular

Typing

Hind Timane

ABSTRACT

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen associated with human
nosocomial infections. It causes chronic infections in pulmonary passages, as in cystic fibrosis
patients, urinary tract infections, and sepsis. It is a ubiquitous bacterium found in animals, plants,
and soil. Multi-drug resistant P. aeruginosa is recognized by the World Health Organization
(WHO) as an important public health concern. In this study, whole genome sequencing (WGS)
based analysis of nine P. aeruginosa, one Pseudomonas stutzeri, and one Pseudomonas putida
isolates was performed to understand their molecular epidemiology. Genome comparison, multi-
locus sequence typing (MLST), and whole genome SNP- based phylogenetic analysis (WgSNP)
were used to determine the relatedness of the isolates. In silico typing was used to determine the
antimicrobial resistance, virulence determinants, and plasmids. PCR was used to detect exoS and
exoU genes, and biofilm assays were performed to identify biofilm formers. Nine distinct MLST
allelic profiles were identified. Antimicrobial susceptibility tests showed that all the isolates were
susceptible to kanamycin, while six isolates were resistant to piperacillin-tazobactam. Genomic
analysis revealed the presence of several B-lactamases (blarao, blaoxa-so, blarau-1, and blavim-2)
and aminoglycoside resistance encoding determinants (aph(3°)-1Ib, aac(6°)-29a, and aac(2’)-1a).
exoU and exoS toxin encoding genes were detected in 54% and 45% of the isolates, respectively,
and 63% of the isolates were biofilm formers. Six different plasmids were detected, and a
numberof virulence factors related to toxins, kinases, and pigments that contribute to the ability
of the bacterium to adapt to environmental changes. Our study revealed the diversity among P.
aeruginosa in Lebanese hospitals. The emergence and spread of MDR P. aeruginosa emphasize
on the importance of integrating whole-genome sequencing into infection control and outbreak
detection.

Keywords: Pseudomonas aeruginosa, Molecular epidemiology, Whole-genome sequencing;
Clonal relatedness,Multi-drug Resistance.
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CHAPTER ONE

INTRODUCTION

1.1. Overview

Pseudomonas aeruginosa is a gram-negative, motile, rod-shaped bacterium (Chevalier et
al., 2017). It is an environmental isolate, has high metabolic versatility, and a mixture of
virulence and antibiotic resistance determinants (Alcade-Rico et al., 2020). It is an opportunistic
pathogen and one of the leading causes of nosocomial infections worldwide, especially in
immunocompromised patients including burn and cystic fibrosis (CF) patients, and is associated

with high morbidity and mortality (Adabi et al., 2015).

1.2. Resistance:

Bacterial resistance to antibiotics is one of the main worldwide public health concerns.
Resistance could be intrinsic, acquired, or adaptive. Acquired resistance is mediated by
mutations or mobile genetic elements, whereas adaptive resistance involves changes of
expression patterns of key factors ultimately leading to resistance. When a bacterium is resistant
to at least three different classes of antibiotics, it will be designated as multi-drug resistant
(MDR), and when it is susceptible to only two or fewer antimicrobial agents, thenit is an
extensively drug resistant (XDR) organism. MDR and XDR P. aeruginosa resistantto
aminoglycosides, antipseudomonal penicillin, cephalopsorins, carbapenems, and

fluoroquinolones are widespread (Saderi and Owlia, 2015).



1.2.1. Intrinsic Resistance:
Intrinsic resistance is linked to innate factors (Saderi and Owlia,2015), and the most

important are porins and efflux pumps.

1.2.1.1. Porins:

The exchange of nutrients across the outer membrane in P. aeruginosa is directed by
waterdiffusion channels called porins (Chevalier et al., 2017). OprF mediates cell structure
preservation, regulation of the outer membrane permeability, and adhesion. It has two
conformations, a closed that binds the outer membrane to the peptidoglycan giving it structural
support, and an open channel-like shape facilitating the passage of large molecules (Cassin and
Tsen,2019). The prevalence of the closed conformation is linked to the outer membrane’s low
permeability. Moreover, OprF plays a role in virulence by regulating the secretion of the type 3
secretion system (T3SS) effectors, the production of pyocyanin, elastase, lectin PA-1L, and
exotoxin A, as well as phagosomal escape during infection (Moussouni et al., 2021).

Another important porin in P. aeruginosa is OprD. OprD is involved in the uptake of
carbapenems and B-lactams, and therefore any mutation or down-regulation of OprD can lead to
resistance (Chevalier et al., 2017). OprD downregulation and several single aminoacid
substitutions, such as SaosP Y242H, S278P and LsssP, were shown to lead to antibiotic resistance
and generation of a MDR profile (Agah Terzi et al., 2015). Its deficiency can mediate
carbapenem resistance (Kos et al., 2016). In terms of virulence, OprD is also needed for
colonization acting as vitronectin-receptor; vitronectin mediates bacterial adhesion to host cells

in cystic fibrosis patients (Paulsson et al,2015).



1.2.1.2. Efflux pumps:

There are six families of efflux pumps. The ATP-binding cassette (ABC) family uses ATP,
while the major facilitator superfamily (MFS), the multidrug and toxin extrusion (MATE)
family, the small multidrug resistance (SMR) family, the resistance-nodulation-cell division
(RND) superfamily, and the proteobacterial antimicrobial compound efflux (PACE) family use
ion gradients to power the transport (Du et al., 2018). All these familiesfacilitate resistance
against several antibiotics in P. aeruginosa, but RND pumps contributethe most. It forms a
complex that is made up of an inner membrane pump, a periplasmic adapter protein, and an outer
membrane channel. The most important RND pumps related to resistance and virulence in P.
aeruginosa are MexAB-OprM, MexCD-OprJ, MexEF- OprN, and MexXY-OprM. (Adamiak et
al., 2021). Over-expression of MexXY—-OprM RND efflux system mediates aminoglycoside
resistance (Colclough et al., 2019), while MexAB-OprM. confer fluoroquinolone, carbapenem,
and B-lactam resistance (Puzari and Chetia, 2017; Zahedi Bialvaei et al., 2021; Pan et al., 2016).
Moreover, over-expression of mexB and mexY was found to be linked to resistance to anti-
pseudomonal drugs (Goli et al.,2016). In addition, mutations in efflux pump regulatory genes
such as nalC and nfxB may lead to resistance to B-lactams and aminoglycosides (Botelho et al.,
2019). The use ofefflux pump inhibitors in P. aeruginosa was associated with a twofold
imipenem, cefepime, ciprofloxacin, and gentamicin minimum inhibitory concentrations (MICs)
reduction. Therefore, the early detection of efflux pumps in P. aeruginosa could help avoid

resistance using efflux pump inhibitors (Talebi-Taher et al., 2016).



MexCD-OprJ system, another efflux pump in P. aeruginosa, is crucial for biofilm
formation (Alcalde-Rico et al.,2018). Its level of expression varies over time and dependson the
bacterial cell’s position within the biofilm, being under-expressed in mature and deeper zones of

the biofilm and over-expressed in cells that are closer to the biofilms’surface (Alav et al.,2018).

1.2.2. Acquired Resistance

1.2.2.1. Plasmids:

Horizontal gene transfer (HGT) can mediate the exchange of genetic material through
transposons, integrons, prophages, and other mobile genetic elements. These mobile genetic
elements can carry genes mediating antibiotic resistance and can lead to the host bacterial cell
acquiring resistance to the respective antibiotic. The carbapenem resistance determinant, NDM-
1, was first detected in a Klebsiella pneumoniae and from a P. aeruginosa recovered from the
same patient, which was the outcome of horizontal transfer (Hong et al., 2015). blanpm-1 exchange
between Escherichia coli and P. aeruginosa was alsoobserved when both were cultured in the
same biofilm (Tanner et al., 2017). Many prevalent carbapenemase encoding genes are found on
plasmids in P. aeruginosa such as blaoxa-19s detected on a class 1 integron and linked to IncP-type
plasmids (Bonnin et al., 2018), blavim-2 detected on Tn6352 transposon linked to pJB12 plasmid
(Botelho et al., 2017), and blakpc-1 and blakpc-» detected on plasmids p10265-KPC, pPA-2,

IncHI1, and IncP-6 pBH6 (Shi et al., 2017; Hagemann et al., 2018; Galetti et al., 2016).



Plasmids often carry several other antibiotic resistance mediating determinants such as
strAB (aminoglycosides resistance), orf131 (ciprofloxacin resistance), cmx (chloramphenicol
resistance), qnr (quinolone resistance), sull (sulphonamide resistance) and/or tet(A) (resistance
to tetracyclines) (Shi et al., 2017; Chavez-Jacobo et al., 2018). Thecoexistence of several genes
on the same plasmid are linked to MDR and XDR profiles which could additionally have several
virulence genes, such as in the pBM413 meg plasmid identified in P. aeruginosa Pae617 isolate

in Guangzhou, China (Liu et al, 2018).

1.2.2.2. Antibiotic inactivating enzymes

B-lactam antibiotics are a class of antibiotics that include widely used agents such as
penicillin, cephalosporins, carbapenems, and monobactams. (Pandey and Cascella, 2021).3-
lactamases are enzymes that hydrolyze B-lactams and are classified into four classes: class A
(carbapenemases), class B (metallo-p-lactamases), class C (cephalosporinases), and class D

(oxacillinases) according to the Ambler classification. (Mack et al., 2020; Froes et al., 2016).

Some of the most important Extended Spectrum B-lactamases (ESBLS) that are present in
P. aeruginosa are the VEB, GES, TEM, SHV, and CTX-M f-lactamases (Amirkamali etal.,
2017; Abdelrahaman et al., 2020). These enzymes confer resistance to almost all - lactams
including arboxypenicillins, ceftazidime, cefepime, and aztreonam, but not to carbapenems

(Pfaller et al., 2017)



The most common Class A B-lactamases (B-lactamases that can hydrolyze most j3-
lactams,including carbapenems) in P. aeruginosa is the KPC, detected worldwide but especially
endemic in North America (Hagemann et al., 2018). Class C p-lactamases on the other hand,
such as the AmpC, are cephalosporinases. Their over-expression by triggering AmpR(ampC
regulator) or by muropeptides causes cephalosporin resistance (Pang et al.,2019; Torrens et al.,
2019). Class D contain the oxicillinases (OXA) that are linked to resistance to several B-lactams.
Among the common OXA types detected in P. aeruginosa are the OXA-23 and OXA-24
oxacillinases (Bonnin et al., 2018). Moreover, the class B plactamases (MBLs) are among the
most concerning [3-lactamases mediating resistance to all B-lactams, including carbapenems.
MBLs include the IMP, VIM, GIM, and NDM carbapanemases that are widely disseminated
among clinical P. aeruginosa isolates (Abazaet al., 2017; Chairat et al., 2019). These
carbapenem resistant isolates are especially alarming for burn and CF patients causing high

morbidity and mortality (Meradii et al., 2016; Mohannam and Menon, 2017; Hong et al., 2015)

Aminoglycosides modifying enzymes (AME) are also important. They modify
aminoglycosides (such as gentamicin, tobramycin, amikacin, neomycin, and streptomycin),
which bind to the bacterial 16S rRNA disrupting translation and blocking protein synthesis
(Block and Blanchard, 2021). AMEs are the aminoglycoside phosphotransferase (APH),
aminoglycoside acyltransferase (AAC), and aminoglycoside nucleotidyltransferase (ANT).APH
inactivates kanamycin, neomycin, and streptomycin by mediating the transfer of a phosphoryl
group to a 3° hydroxyl group. The AAC, transfers an acetyl group to the 3° and 6° amino group

of gentamicin, amikacin, and tobramycin, while ANT transfers an adenylylgroup to the amino or



hydroxyl group of gentamicin, amikacin, and tobramycin (Pang et al.,2019). aph(3°’)-1b , aph(6’)-
VI, ant(2”’)-la, and aac(6’)-11a and are commonly detected on plasmids carried by MDR P.

aeruginosa (Atassi et al., 2021).

1.2.3. Adaptive Resistance:

Adaptive resistance is defined as the alterations in genes that a bacterium undergoes once
subjected to environmental changes to ensure its survival. These alterations include the
production of biofilms and/or persister cells that are poorly affected by antibiotics (Mottaet al.,

2015).
1.2.3.1. Biofilm Formation:

A biofilm is composed of microorganisms that adhere to each other on surfaces forming a
amatrix made of the pellicle (Pel) polysaccharide, the polysaccharide synthesis locus (Psl,) and
alginate. Biofilm formation starts by the attachment of planktonic cells to a biotic or abiotic
surface and release EPS that form the matrix. As the biofilm grows, a mushroom- like structure
starts to form associated with EPS digestion at the center which becomes well-established
followed by the release of flagellated cells that attach to new surfaces (Ozer et al.,2021). Though
several organisms are able to produce biofilms, P. aeruginosa isone of the most potent biofilm
forming organisms (Ghafoor et al., 2011). One of the many roles that biofilms have is the
protection of P. aeruginosa from the host’s immune system. This is especially evident among CF
patients where biofilm-forming P. aeruginosa infections are frequent and could persist for a long
time (Maurice et al., 2018). Moreover, phagocytes exposed to a biofilm microenvironment, such
as that in CF patients, transform into cells that cause tissue injury due to the increased
concentrations of lipopolysaccharidesand DNA in the matrix (Ciszek-Lenda et al., 2019).
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Another way that biofilms protect P. aeruginosa from the immune system is through the binding
of Psl to the serine protease inhibitor ecotin (PA2755), subsequently inhibiting neutrophil
elastase; an enzyme that causes bacterial death (Tseng et al., 2018). Finally, P. aeruginosa
biofilm protects the organism by physically hampering the access of antimicrobial agents (Motta
etal., 2015)

1.2.3.2. Persister cells:

Persister cells (PCs) are cells that form at the bottom-most layer of a biofilm. They have a
temporary phenotype with reduced metabolism and replication rates, and develop following
exposure to environmental pressure such as DNA damage, nutrient deprivation, and oxidative
stress. They are considered inactive but are able to survive when cells withinthe upper part of the
biofilm are killed (Balaban et al.,2019). PCs are the most resistant cells to antibiotics as they are
dormant cells (Soares e al., 2020). Antibiotics could also lead to the development of PCs which
resume growth upon removal of the antimicrobial agent (Grassi et al., 2017). Resistance as a
result is reversible, but not inheritable or transferable (YYamasaki et al., 2020). Several proteins
regulate PC formation, such as PA2285 and PA2287, that bind to RpoC and FtsZ. RpoC and
FtsZ regulate transcription and cell division, respectively (Long et al., 2019). Nevertheless,
nutrient deprivation is alsoneeded for the formation of PCs and not only antibiotic exposure.
Therefore, PCs usually form on the lower layers of the biofilms, after nutrients have been

depleted (Carvalho et al., 2018).



It’s noteworthy that P. aeruginosa PCs can escape ciprofloxacin treatment as it triggers
PC formation, and fails to eliminate the biofilm (Soares et al., 2019). Serine starvation also
increases the tolerance of P. aeruginosa towards ciprofloxacin, tobramycin,polymyxin B,
imipenem, and ceftazidime by producing PCs (Mlynarcik and Kolar,2017). P. aeruginosa PCs

however, could be killed by using a combination of colistin andciprofloxacin (Baek et al., 2020).

1.3. Virulence Factors:

P. aeruginosa harbors a wide range of virulence determinants including quorum sensing,

exotoxins, and type IV pili.

1.3.1. Quorum Sensing:

Quorum sensing (QS) is an intercellular bacterial communication system mediating
virulence, resistance, biofilm formation and interaction with immune cells. QS regulates 10% of
P. aeruginosa genes especially ones linked to the production of rhamnolipids and lectin A. QS
systems involve acyl-homoserine lactone (AHL) which interacts with receptors and activates
signaling pathways. They are classified into three systems the las, rhl, and pgs (Azam et al.,
2019). The las is made up of the transcriptional regulator LasR and the synthase protein Lasl. It
is responsible for the modulation of virulence factors likeexotoxin A, elastase, and alkaline
protease. The rhl is made up of the synthase enzyme Rhll and produces C4-HSL (C4-homoserine
lactone); a signaling molecule that binds to the transcriptional regulator RhIR mediating the
expression of genes linked to biofilm formation and several virulence determinants (Mukherjee
et al., 2018). LasR is the principal regulator of C4-HSL production, but RhIR could regulate Rhll
and C4-HSL production in the absence of LasR (Groleau et al., 2020). In terms of the impact of
QS effectors on the immune system, 30-C12-HSL from P. aeruginosa is cytotoxic to
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macrophages, while rhamnolipids (regulated by QS) cause lysis of human cells (Kariminiki et

al.,2017).

The third QS system, the pgs, produces 2-alkyl-4(1 h)-quinolones (Ags). The
transcriptional regulator PgsR binds to the promoter of pgsABCDE creating a positivefeedback-
loop. The operon includes PgsE, which regulates pyocyanin production andactivates the rhl
system. On the other hand, the pgs system is regulated by las and rhsystems (Garcia-Reyes et
al.,2020). Furthermore, all the QS systems exhibit a positive inter-regulation inducing biofilm
formation, whereas Lasl//LasR and RhlII/RhIR systems regulate pgs negatively. This negative
regulation is through inhibiting the expression of pgsABCDE operon and PgsR, which disrupts
biofilm formation (Yan &Wu, 2019). The surface association is also important for QS since it
leads to the upregulation of lasR, and the subsequent induction of LasR targets in a more

efficient manner (Chuang et al.,2019).

1.3.2. Exotoxins and Secretion Systems

The Type 3 secretion system (T3SS) found in P. aeruginosa forms a needle like structure
and is used for the transport of T3SS proteins from the bacterial cytosol into host cells.
Exotoxins such as ExoS, ExoT, ExoU, ExoY. ExoU and ExoS are T3SS effector proteins with
ExoU being the most common in clinical isolates. ExoU is more cytotoxic than ExoS.However,
both these toxins inhibit the repair of wounded sites. The ExoT leads to apoptosis of the host cell
through the mitochondrial intrinsic pathway of apoptosis, while ExoY acts as a nucleotidyl
cyclase, it impairs early immune response and triggers apoptosis as well (Dortet et al., 2018;
Kloth et al., 2018). More along this line, ExoY and ExoU induce the release of Tau protein,

which is important in maintaining the internal skeleton of cells. This results in cell injury,
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decrease in endothelial network maintenance, and an increase in lung permeability (Morrow et
al., 2015). Importantly, T3SS is highly associated with MDR P. aeruginosa profiles (Garai et al.,
2019; Park et al.,2017). ExoU producing isolates were linked to ciprofloxacin, tobramycin, and

quinolones resistance (Horna et al., 2019, Park et al., 2017).

The type 6 secretion system (T6SS), on the other hand, is a bacterial puncturing
nanomachine that has three proteins: the H1 protein which transfers the effector proteins
Tsel-3 (TypeVI secretion exported 1-3) killing other organisms and the H2 and H3 proteins that
disrupt the endoplasmic reticulum and promote autophagy (Klockgether andTummer, 2017).
Two major proteins, PpkA and PppA, regulate the T6SS. PpkA activates the T6SS, while PppA
disassembles/reassembles it (Han et al., 2019). Furthermore, proteins that lack signal peptides
such as hemolysin-coregulated protein (Hcp) and valine-glycine repeat (VgrG) require T6SS for
their release into the extracellular medium, these signal proteins constitute part of the T6SS
machinery. VgrG however, is released into macrophages after bacterial phagocytosis, and

therefore is also an effector protein (Sana etal., 2016).

T6SS-dependent bacterial Killing was first reported in P. aeruginosa where Tse7, a toxin,
with Dnase activity, couples to VgrG, gains access to the host, and Kills it (Pissaridou et
al.,2018). Tse8 is another toxin identified in P. aeruginosa that couples with VgrGla and
transfers itself into the host cell where it binds to the transamidosome, blocking protein synthesis
(Nolan et al.,2019). Several factors can lead to the activation of P. aeruginosa T6SS, such as
sensing attacks from other cells, and which is known as T6SS tit-for-tat response mechanism.

Polymyxin B can also activate the T6SS apparatus in P. aeruginosavia a phosphorylation
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pathway, and a phospholipase T6SS effector (TseL) of Vibrio cholerae can stimulate it (Stolle et
al.,2020).

Although the H2-T6SS genes are mainly activated by anaerobiosis it was shown that
metalion acquisition aids T6SS to deliver different effectors. For example, H2-T6SS secretes
ModA, a molybdate-binding protein, and facilitates molybdate (MoO %) acqtiisition. IcmP,the
ModA-binding protein forms the T6SS-ModA-IcmP system that gives P. aeruginosa an
advantage in surviving in anaerobic environments (Wang et al., 2021). Finally, a link between
toxin-antitoxin systems and pesister cells in P. aeruginosa vv_as shown where the toxin inhibits
metabolism, and the antitoxin neutralizes the activity of the toxin when the cell is under normal
conditions. However, when subjected to environmental changes, the cell degrades the anti-toxin

and increases PC formation (Wood&Wood, 2016; Stepanyan et al., 2015).
1.3.3. Type IV Pili (T4P):

The type 4 secretion system (T4SS) is made up of multi subunits that transfer
macromolecules, such as nucleoprotein complexes, across the membrane via ATP. The type IV
pili (T4P) is made up of more than 12 proteins that include PilA and PilJ. They arelocated within
the inner membrane and extend to the outer membrane forming a tunnel likestructure
(Alcoforado Diniz et al., 2015). They are long motorized fimbriae that give rise totwitching
motility, and are crucial for virulence and biofilm formation in P. aeruginosa (Persat et al.,
2015). This organism uses sensing approaches to regulate the T4P attachment, and retraction is
done through a catch-bond mechanism. Consecutive attachment and retraction cycles generate
displacement, and this movement is associated with positive feedback from the contact signal
that stimulates the retraction of PilT (Tala etal., 2019). Upon stretching, the T4P undergoes

conformational changes that also modulate the interaction between PilA and PilJ leading to the
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phosphorylation of cytoplasmic regulators (Persat et al., 2015). In addition, the PilS-PilR two-
component system (TCS) regulates PilA expression in P. aeruginosa (and indirectly its motility,

and the fleSR flagellar gene) (Kilmury and Burrows, 2018).

1.4. Lebanon:

The problem of P. aeruginosa resistance is a growing concern in Lebanese hospitals.
Fluoroquinolones are one of the major antipseudomonal drugs given to patients with infections
caused by MDR isolates. Fluoroquinolones inhibit DNA gyrases and topoisomerase 1V which
regulate DNA replication. Clinical P. aeruginosa collected fromhospitals in Lebanon had
mutations in gyrA and parC genes, while oprD disruption was the cause behind carbapenem
resistance (Salma et al., 2013). In another set of isolates, carbapenem resistance in MDR P.
aeruginosa recovered from patients with urinary tractinfections was linked to -lactamases
including GES-6, VIM-2, or IMP-15 (Yaghi et al.,2020), with Nawfal Dagher et al. (2019)
detecting a plasmid-encoded blaviv-2 along withoprD mutation. A significant increase in
resistance among P. aeruginosa to imipenem, ciprofloxacin, and tazobactam was revealed by
Mouawad et al. (2013), and 52% of P. aeruginosa recovered from respiratory samples were
found to be MDR,; carrying - lactamases such as blactx-m, blaves, blatem, blaces, and blasnv

along with exoS, and exoUexotoxins (Al Dawodeyah et al., 2018).

P. aeruginosa is a versatile pathogen with variant resistant and virulence factors. These
factors allow it to cause severe infections especially in vulnerable humans. However, the
management of such infections has been difficult due to the high resistance of P. aeruginosa to
antimicrobials where numerous outbreaks have been reported. Consequently, it is of great

significance to study the antibiotic resistance profile of P. aeruginosa isolates present in local
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hospitals to exactly identify the antibiotic that must be used to overcome pseudomonal
infections. Molecular tests must be done to determine all genetic factors related to resistance and
virulence along with whole genome sequencing(WGS) to study the evolution of P. aeruginosa in

hospital settings over time.

1.5. The objectives of this study are to:

e Investigate the population dynamics of pathogenic P. aeruginosa.

e Determine the phenotypic antibiotic resistance profiles of the isolates using
antimicrobial susceptibility testing.

e Determine the biofilm formation capabilities of the collected isolates.

e Detect the presence of virulence genes ( exoU, exoS ) through individual PCRassays,
correlate to genes detected through high-throughput sequencing, and estimate variations
with the genes.

e Use genome sequence data to construct a genome-based phylogeny.

e Investigate the relatedness of the isolates using SNP-based analysis and pan-genome

analysis.
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CHAPTER TWO

MATERIALS AND METHODS

2.1. Ethical Approval

Ethical approval was not required for this study since the isolates used were collected and
stored as part of a routine clinical screening. The patients’ identifying information was also

anonymized before the inclusion of the samples in the study.
2.2 Bacterial isolates

A total of nine Pseudomonas aeruginosa clinical isolates (designated as PAH1, PAHS5,
PAH7, PAH9, PAH10, PAH12, PAH14, PAH19, and PAH27 were collected between 2019and
2020 from three different hospitals in Lebanon. These hospitals were Al Makassed General
Hospital, Notre Dame Hospital, and Middle East Hospital. Additionally, one P. stutzeri
(designated as PSH) and one P. putida (designated as PPH1) were included in the study. The
isolates were recovered from deep tracheal aspiration (DTA) (4/11), blood (3/11), urine (2/11),
and sputum (1/11) (Table 1). Seven isolates were collected from males and four from females.

The age of the patients ranged between 42-88 years old.
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Table 1: Bacterial isolates, sample sources, and general patient information

Isolate Source Gender Age
PAH1 Blood M 52

PAHS Urine M 42

PAH7 Sputum E 88

PSH Blood M 71

PAH9 DTA M 35

PAH10 DTA M 4
PAH12 Urine M 80

PAH14 DTA M 69

PPH DTA E 87

PAH19 Blood F 63
PAH27 Urine E 82

2.3. DNA extraction

The 1solates were cultured for 24h in tryptic soy broth (TSB), and DNA was extracted
using the Nucleospin® Tissue Kit (Macherey-Nagel, Germany) according to the manufacturer’s

instructions. Genomic DNA was stored at -20°C until used.

2.4. Antibiotic Susceptibility

The Kirby-Bauer disk diffusion assay was used for antimicrobial susceptibility testing.
Single colonies were suspended in a 0.9% saline solution and their turbidity was adjusted to be
equivalent to that of a 0.5 McFarland standard. The adjusted cultures were then spread on
Mueller-Hinton agar, discs were added, and plates were incubated for 24h at 37°C. Eight
different antimicrobial agents from different categories were used: imipenem (carbapenems),
gentamicin (aminoglycosides), tobramycin (aminoglycosides), amikacin (aminoglycosides),

aztreonam (monobactams), piperacillin/tazobactam (penicillin + p- lactamase inhibitors),
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ceftazidime (cephalosporins), and ciprofloxacin (fluoroguinolones).The inhibition zones around

the antibiotic discs were interpreted according to the CLSI guidelines (CLSI, 2020).

2.5. Detection of the exoS and exoU genes

PCR amplification assays were performed to detect the presence of the exotoxin genes
exoS and exoU. The following primers were used: exoU 2998 F (5°-
GCTAAGGCTTGGCGGAATA-3") and exoU 3182 R (5’- AGATCACACCCAGCGGTAAC-
3”) amplifying a 250-bp fragment of the exoU gene,and exoS 1783 F (5’
GGAGCTGGATGCGGGACA-3’) and exoS 2135 R (5’- GGCCGCCTCTTCGAGAAC3’)
amplifying a 370-bp fragment of the exoS gene (Berthelot et al., 2003). The PCR mixture
contained 2pl of template DNA, 20puM primers, 25 mM MgClz, 2mM dNTPs and PCR-grade
sterile water in a final volume of 20ul. The PCR cycling conditions used for the amplification of
both targets were: initial denaturation(12 min at 95°C), 30 cycles consisting of denaturation (30 s
at 94°C), annealing (30 s at 63°C), and extension (1 min at 72°C). The DNA fragments were run
on 1.5% agarose gel usinglX Tris-Acetate-EDTA (TAE) buffer (Bio-Rad, Hercules, CA) at 80 V

for 30 mins, and were visualized with ethidium bromide.
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2.6. Biofilm Assay:

The ability of P. aeruginosa to form biofilms was tested using a microtiter plate assay.
The assay was conducted according to Hou et al., (2012). P. aeruginosa were grown for19h at
37°C in 5 mL tryptone soy broth (TSB). 50 mL from each culture was then transferred to fresh 5
mL TSB containing 1% glucose to achieve a 1:100 dilution. These suspensions were then
divided into aliquots (200 ul) and pipetted in 96-well plates; threewells /isolate and six wells
were used as negative controls. The plates were incubated for24 h at 37°C. To extract non-
adherent cells, the wells were decanted and washed three times with 300ul phosphate buffered
saline (PBS). After heat fixing at 60°C for 60 min,150ul methanol was added and the plate was
incubated at room temperature for 20 min. The microtiter plates were then emptied by flicking
and left to air dry overnight in an inverted position at room temperature. Afterward, 150 pl of 2%
crystal violet was added and left to react for 15 min. The excess dye was then removed by
washing with distilled water. The plates were then left to air dry and 150 ul of 95% ethanol was
added to the wells. Using a microtiter-plate reader (ThermoScientific, Waltham, MA, USA), the
opticaldensity (OD) of the wells was measured at 57 nm. OD values were used to classify the
isolates as being non-adherent, weak, moderate, or strong biofilm producers according to the
following scale: OD < 0.05 non-biofilm producer; 0.05 < OD < 0.1 weak biofilm producer;
0.1>0OD > 0.3 moderate biofilm producer; OD > 0.3 strong biofilm producer (Ramos-Vivas et

al., 2019).
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2.7. Whole genome sequencing and analysis

Whole genome sequencing was performed for all 12 isolates. Genomic Libraries were
constructed using the Nextera XT DNA library preparation kit with dual indexing (Illumina).
The libraries were sequenced on an Illumina MiSeq with 250 bp x 2 read length. de novo genome
assembly was performed using the Spades Genome Assembler, Version 3.13.1 (Bankevich, et al
2012). Quality control checks of the raw sequence data was performed using FastQC version
0.11.5 (Andrews et al. 2010)- Adapter and low- quality bases (Phred score< 30) were trimmed

using Trimmomatic v0.38 (Bolger, Lohse,& Usadel, 2014).

In silico primary species identification was done using KmerFinder 3.2 tool on the Centerfor

Genomic Epidemiology website (CGE) website (www.genomicepidemiology.org ) (Cineros & Lund,

2017). ResFinder 4.1 available on CGE website and Comprehensive Antibiotic Resistance Database

(CARD)( https://card.mcmaster.ca/analyze/rgi ) were used todetermine the presence of resistance
determinants (Bortolaia et al., 2020, Jia et al., 2017).The presence of putative virulence factors

was screened fer-using VirulenceFinder database (http://www.mgc.ac.cn/VFs/main.htm ). The

presence of plasmids in the sequenceswas determined using Plasmid Finder 2.1 available on

CGE website (https://cge.food.dtu.dk/services/PlasmidFinder/ ) and mlplasmids

https://sarredondo.shinyapps.io/mlplasmids/ ) (Carattoli et al., 2014). MLST for each isolate was

determined in silico by mapping the sequencing reads to the online database on the CGE MLST

2.0 server ( https://cge.food.dtu.dk/servicessMLST/ ) (Larsen et al., 2012).
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2.8. Pan genome analysis

Genomes were annotated using Prokka version 1.13- with a similarity cutoff e-value
107 and minimum contig size of 200 bp (Seemann 2014). The annotated GFF3 files wererun
through Roary (Version 3.12.0) choosing a minimum blastp identity of 95 and core gene
prevalence in all (>99%) of the isolates. The resulting pan-genome fingerprints wasvisualized

using Phandango V 1.1.0 (Hadfield et al., 2018).
2.9. Phylogeny:

Core genome (cg) Single Nucleotide Polymorphism (SNP) maximum-likelihood
phylogenetic tree based on the core genome alignment were constructed using Snippy and
RAXML (Stamatakis et al., 2014). The resulting phylogenetic tree was visualized using

Interactive Tree of Life (iTOL v6) (Letunic and Bork 2021).
2.10. Comparative Genome Analysis

CGview was used for genome comparison and to construct a circular representation of the

isolates (Stothard et al., 2015).
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CHAPTER THREE

RESULTS

3.1. Genomic Analysis and Sequence Typing

The average genome size of the isolates was 6,565,871bp, the average contig size 170 bp,
the GC% 65.54% and the N50 average was 192199. In silico multi-locus typing (MLST) was
performed and the following sequence types (STs) were detected for P. aeruginosa isolates:
ST111(2/9), ST1693 (1/9), ST109 (1/9), ST357 (1/9), ST2374 (1/9), ST244 (1/9),

ST1027 (1/9), and ST1182 (1/9). Moreover, P. putida (PPH) belonged to ST115, while ST
determination for the P. stutzeri isolates (PSH) was not possible due the lack of a related MLST

typing database.

3.2. Antibiotic Susceptibility Testing

P. aeruginosa isolates were tested for their susceptibility against a panel of antibiotics
covering three classes including the B-lactams, aminoglycosides, and fluoroquinolones. Interms
of susceptibility to aminoglycosides, all the isolates were susceptible to kanamycin,1/11 was
non-susceptible to gentamicin and two to amikacin. Three isolates were non- susceptible to
ciprofloxacin and six to piperacillin-tazobactam. The resistance patterns of all the isolates are

shown in Table 2.
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Table 2: Antibiotic susceptibility testing using eight antimicrobial agents representing three
different classes.

Isolate TZP IPM AKN CAZ GMN ATM CIP KMN
PAH1 S R S S S R S S
PAHS S S S S S R S
PAH7 S S R S S S S S
PAH9 R S S R S R S S
PAH10 S S S S S S S
PAH12 R S S S S S S
PAH14 S S S S R S
PAH19 S R S S R S S S
PAH27 R S R S S S S S
PSH S R S S S S S S

R=Resistant, S=Sensitive. Antibiotics: TZP: Piperacillin/ tazobactam,
IPM: imipenem,AKN: amikacin, CAZ: ceftazidime, GMN: gentamicin,
ATM: aztreonam, CIP: ciprofloxacin, and KMN: kanamycin.

3.3. Resistance determinants

A total of 38 resistance determinants were detected by in silico analysis using ResFinder
and CARD. B-lactamase genes were among the most detected resistance determinants. blapau-1

was the most prevalent found in 63% (7/11) of the isolates, followed by

Dlaoxa-396 45% (5/11), and blavm-2 (2/11) (Table 3).

PAHI10 was unique carrying 10 different p-lactamase encoding genes including: blaoxa-

50, blaoxa-396 blatem-33 blaoxa-ass blapao. Dlapau-1, blapme-1, and Dlacars-> It also had aminoglycoside

resistant determinants including: aph(3°)-VIa, aph(3’’)-1Ib, and aph(6)-1d.
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Table 3: Resistance determinants among the tested isolates detected in silico using ResFinder
v1.2 and CARD

PPH Isolate

aph(3 )-1b
aph(6)-1d
aph(3 )-VI
aph(3 )-Via
aph(3 )-lib

aac(2 )-la

aac(6 )-29a

aac(6 )-29b

aac(6 )-Ib-cr

blapauss

blayo

blaremss

blacxsso

blames

blaoxase

blarewss

bla;

biawmz

blaossss

blaouas

blacase2

blaouasss

7]

A: Aminoglycoside resistance genes; p :B-lactamases; Q : Quinolone
resistance genes; F : Fosfomycin resistance genes; M: Macrolide
resistance genes ; S : Streptogramin B resistance genes; T ;
Tetracycline resistance genes ; Fol : Folateresistance genes, C :
Chloramphenicol resistance genes
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3.4. Virulence Factors

In silico analysis using the virulence factor scheme available on Virulence Factor Data

Base VFDB revealed virulence associated genes (Table 4). Most of the isolates harbored atleast

one toxin-encoding gene (exoU, exoS, exoY, exoT, and toxA). exoY was detected in 54% (6/11) of

the 1solates. Pyocyanin encoding gene pizH was present in PAH10, PAH12,and PAH19, while

only PAH10 and PAH19 harbored pyoverdine encoding genes (pvdQ and pvdL). Serine/

Threonine protein kinase encoding gene ppkA is a non-conserved component of type six

secretion system loci, it was detected in PAH7, PAH10, PAH19, PAH27, and PSH.

Table 4: Virulence determinant profiles for all sequenced isolates obtained using virulence

factor scheme using Virulence Factor database.

Isolate

PAH1

Toxins

PAH5

PAH7

PAH9

PAH10 | PAH12 | PAH14 | PAH19 | PAH27 |PSH PPH

Pigments

Kinase ppkA

exo and fox genes: toxin encoding genes; p/izH gene : pyocyanin encoding
gene; pvd genes : pyoverdine encoding genes; ppkA : Serine/ Threonine protein

kinase encodinggene.
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3.5. exoS and exoU

PCR assays were performed to detect the presence of the two exotoxin encoding genes exoS
and exoU (250 bp fragment for exoU and 370 bp of exoS) (Figure 1). PAH1, PAH9,PAH10,
PAH12, PAH14 were positive for exoS, while PAH7, PAH9, PAH12, PAH14, PAH19 and
PAH27 were positive for exoU.

Figure 1: PCR amplification results using agarose gel electrophoresis.

exoS: exotoxinS gene; 370 bp. Lane 1-6: PAH1, PAH9, PAH10, PAH7, PAH12, PAH14; NC: negative
control; L: 1kb DNA Ladder Ready to Load-Solis BioDyne.

3.6. Plasmids

Using PlasmidFinder and mlplasmids we identified the presence of pMKPA34-1 (PSH),
pCO_Eco04457-1 (PAH10), pBS512_2 (PAH14), pHAD28 (PAH14 and PPH),
pCAV1857-3223 (PPH), and Stenotrophomonas rhizophila strain KC1 plasmid (PAH27) . The
genetic environment of vgrG detected in PAH10 was further investigated using RASTand
compared with other reference plasmids (Figure 2). Overall, we detected similarities inthe
genetic environment of the plasmid recovered from PAH10 with that seen in reference plasmids

with PAH10 plasmid having more hypothetical and mobility related proteins.
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However, and in contrast to C. jejuni 108 pCDJMZ202 and Helicobacter hepaticus, tssH
and vasH were detected downstream of vgrG in PAH10. The organization of the T6SS genes
including vgrG in PAH10 was very similar to that in C. jejuni 108 pCDJM202 and H. hepaticus

ATCC51449.
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Figure 2: Schematic representation of the genetic environment of vgrG gene detected on a plasmid in
PAH10. The genetic environment was constructed using several references including: pCDJM202 from
Campylobacter jejuni (NZ_CP014743.1), C. jejuni 108(JX436460)
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3.7. Biofilm Formation

Biofilm formation was determined using a qualitative assay. PAH19 and PAH27 showed
high biofilm forming potential, and this was not the case with PAH7, PAH9, PAH12, PSH,and

PPH.
3.8. Comparative Genomics

Circular maps for P. aeruginosa (Figure 3), P. stutzeri (Figure 4), and P. putida (Figure
5)genomes were generated using CGview. The detected gaps were labeled and linked to the
associated function. The most common gaps were linked to metabolic activities, plasmids,

secretion systems, and efflux pumps.
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Figure 3: Genome-based characterization of P. aeruginosa isolates recovered in this study using
CGview.The GC content is shown in black, and the negative and positive GC deviation in purple and
green, respectively. P. aeruginosa (CP0602 43.1) was used as a reference genome.

Metabolism W PPH
B CP0ess56.1
Plasmid encoded . CP023299.1
region B CP104107.1
Metabolism B CP0O14343.1
B GC Content
_ : M GC Skew=
Lipopolysaccheride biosynthesis 4 AR T e R B GC Skew-
Lipid biosynthesis/
DNA recombinase
Metabolism
Plasmid encoded region
Fimbria proteins/ Metabolism

Secretion system  Plasmid encoded
region

Figure 4: Genome-based characterization of the P. putida isolate (PPH) along with other P.
putida reference isolates (accession numbers: CP095556.1, CP023299.1, CP104107.1) using
CGuview.

Different ring colors represent different isolates. The GCcontent is shown in black, and the

negative and positive GC deviation in purple and green, respectively. P. putida
(CP014343.1) was used as a reference genome.
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Figure 5: Genome-based characterization of P. stutzeri (PSH) recovered in this study using
CGview. The GC content is shown in black; the negative and positive GC deviations are shown
in purple and green, respectively. P. stutzeri (CP078509.1) was used as a reference genome.

3.9. Pan-genome analysis

Pan-genome analysis of P. aeruginosa revealed the presence of 11, 554 total genes in the
sequenced isolates. The genes were classified as core and accessory genes (shell and cloud
genes) as follows: 5073 core genes found in at least 99% of the isolates, 0 soft core genes found
in 95-99% of the isolates, 2569 shell genes found in 15-95% of the isolates and 3912cloud genes
found in less than 15% of the isolates. The pan-genome along with maximum-likelihood

phylogenetic tree based on the core genome alignment are shown in Figure 6.
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Figure 6: P. aeruginosa pan-genome analysis using Roary along with maximum- likelihood phylogenetic
tree based on the core genome alignment constructed using FastTree 2 using P. aeruginosa reference
strain (CP060243).Blue represents the presence of genes while white one represents the absence of
genes.

o

On the other hand, pan-genome analysis of P. stutzeri revealed the presence of 7489 total
genes in the sequenced isolates. The genes were classified as core and accessory genes (shell and
cloud genes) as follows: 438 core genes found in at least 99% of the isolates, 0 soft core genes
found in 95-99% of the isolates, 4282 shell genes found in 15-95% of the isolates and 2769 cloud
genes found in less than 15% of the isolates. The pan-genome along with maximume-likelihood

phylogenetic tree based on the core genome alignment areshown in Figure 7.
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Figure 7: P. stutzeri pan-genome analysis using Roary along with maximum- likelihood
phylogenetic tree based on the core genome alignment constructed using FastTree 2 using PSH
with P. stutzeri references uploaded from NCBI (accession numbers: CP000304, CP098731,
CP025149, AP024722, CP078508, and CP078087).Blue fragments represent the presence of the
genes, while white ones represent the absence of genes.

Finally, the pan-genome analysis of P. putida revealed the presence of 9364 total genes in
the sequenced isolates. The genes were classified as core and accessory genes (shell and cloud
genes) as follows: 776 core genes found in at least 99% of the isolates, 0 soft core genes found
in 95-99% of the isolates, 8588 shell genes found in 15-95% of the isolatesand O cloud genes
found in less than 15% of the isolates. The pan-genome along with maximum-likelihood

phylogenetic tree based on the core genome alignment are shown in Figure 8.
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Figure 8: P. putida pan-genome analysis using Roary along with maximum-likelihood phylogenetic tree
based on the core genome alignment constructed using FastTree 2 using PPH and P. putida references
uploaded from NCBI (accession numbers: CP014334, CP081966, CP104107, CP023299, and
CP081016). Blue fragments represent the presence of the genes, whereas the white ones the absence of
genes.

3.10. Whole-Genome-SNP-based phylogenetic analysis

Maximume-likelihood phylogenetic tree of P. putida based on core genome single
nucleotide polymorphism (SNPs) alignment was generated for PPH along with four P. putida
references uploaded from NCBI (CP104107.1, CP02329.1, CP014343.1, CP081966.1) using
RAXML and visualized on iTOL (Figure 9). The reference genome (CP095556.1) was uploaded
from NCBI based on the closest hit. The branch length refers to the number of substitutions that
an isolate has undergone relative to a common ancestor. PPH and CP095556.1 are
representatives of ST115, CP02329.1 and CP014343.1 ST67, while CP081966.1 ST38. In

general, isolates belonging to the same ST were clustered together (Figure 9).
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Figure 9: Maximum-likelihood phylogenetic tree based on core genome SNP alignment using reference
genome CP095556.1. The tree was generated using RAXML and visualized on iTOL.

Maximume-likelihood phylogenetic tree of P. stutzeri based on core genome single
nucleotide polymorphism (SNP) alignment was generated for PSH along with other reference
isolates uploaded from NCBI (CP101739.1, CP078087, AP024722, CP000304, CP025149,
CP098731) using RAXML and visualized on iTOL (Figure 10). The reference genome
CP078509.1 was uploaded from NCBI based on the closest hit. The branch lengthrefers to the

number of substitutions that an isolate has undergone relative to a common ancestor.

Tree scale: 0.1

CP025149.2
CP098731
CP000304.1
CP078509.1
| PSH
CP101739.1

AP024722 1

CPO78078

Figure 10: Maximum-likelihood phylogenetic tree based on core genome SNPs alignment using the
reference genome CP078509.1. The tree was generated using RAXML and visualized on iTOL.
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Maximum-likelihood phylogenetic tree of P. aeruginosa was also constructed based on
core genome single nucleotide polymorphism (SNPs) alignment for the sequenced isolatesusing
RAXML and visualized on iTOL (Figure 11). The reference genome (CP060243) was uploaded
from NCBI based on the closest hit with PAH14 and PAH27 with sequencetype ST111 since it’s
the only ST repeated twice. Other reference genomes representativeswere also added including:
CP080281 and PAH1: ST1693, CP050333.1 and PAH7: ST357, CP033835.1 and PAH10:
ST244, CP028332.1 and PAH12: ST1027, CP02248.1 and PAH19: ST1182. The branch length
refers to the number of substitutions that an isolate has undergone relative to a common ancestor.

In general, isolates belonging to thesame ST were clustered together.

Tree scale: 0.1
CP080281.1

PAH1
CP050333.1
| CP033835.1
' PAH10
PAHZ
CP060243
PAH27
PAH14
| CP022478.1
lpAH19
— CP028332.1
' PAH1Z
CP0088563.1
PAHS
| CP051770.1
L PAHT

Figure 11: Maximum-likelihood phylogenetic tree based on core genome SNPs alignment using
reference genome (accession no. CP060243). The tree was generated using RAXML and
visualized on iTOL.
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CHAPTER FOUR

DISCUSSION

P. aeruginosa is an opportunistic pathogen that can persist in hospital settings and cause
nosocomial diseases. This is especially the case among immunocompromised patients where it
causes acute and chronic infections such as cystic fibrosis, ventilator-associated pneumonia, burn
and wound infections, bacteremia, urinary tra ct infections and many others (Shortridge et
al., 2019). It is classified by the World Health Organization as one ofthe ESCAPE pathogens
(Enterococcus faecium, Staphylococcus aureus, K. pneumoniae, Acinetobacter baumannii, P.

aeruginosa, and Enterobacter spp.) (Botelho et al.,2019).

When P. aeruginosa accumulates antibiotic resistance mechanisms and develops multi-drug
resistant or extensive-drug resistant profiles, it can lead to infections that are extremely difficult
to treat and that have high morbidity and mortality rates (Saderi andOwlia,2015). This problem

has been detected all over the world, including in Lebanesehospitals (Al-Orphaly et al., 2021).

In this study, the antibiotic resistance profiles as well as key genetic features of nine P.
aeruginosa, one P. stutzeri, and one P. putida isolates recovered from clinical specimens from
three Lebanese hospitals have been characterized. The P. aeruginosa isolates were found to
belong to the sequence types ST-111, ST-1693, ST-109, ST-357 ST-244, ST-2374,ST-1027, and
ST-1182. The tool used to identify the sequence types of the isolates was multi-locus sequence

typing (MLST). This tool relies on the differences between the genetic sequences of seven
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housekeeping genes (acsA, aroE, guaA, mutL, nuoD, ppsA, andtrpE) in order to assign alleles for
each gene and, based on the combination of alleles, a sequence type is designated to the isolate
(Castafieda-Montes et al.,2018). The P. aeruginosa isolates’ sequence types in this study have
been very diverse, hinting that there is no dominant clone circulating among the three hospitals
where the isolates were obtained from, but rather there are different sequence types among these

Lebanese hospitals.

The most frequently used antibiotics to treat P. aeruginosa infections are aminoglycosides,
carbapenems, anti-pseudomonal cephalosporins, fluoroquinolones, penicillins with B- lactam
inhibitors, fosfomycin, and colistin. In this study, we tested eight different antibiotics from
different classes such as piperacillin-tazobactam (B-lactam with - lactamase inhibitor),
imipenem (carbapenem), amikacin (aminoglycoside), ceftazidime (cephalosporin), gentamicin
(aminoglycoside), ciprofloxacin (fluoroquinolone), aztreonam(monobactam), and kanamycin
(aminoglycoside) (Bassetti et al., 2018). Of the tested isolates, 54% were resistant to piperacillin-
tazobactam, which is a relatively high rate of resistance to this antimicrobial agent. Ciprofloxacin
resistance was also prevalent among the isolates but only one isolate was resistant to gentamicin
and two were resistant to amikacin, and none were resistant to kanamycin. This might indicate
that aminoglycosidesstill maintain a certain degree of efficacy against the clinical P. aeruginosa

isolates obtained from these three Lebanese hospitals.

B-lactams are a class of antibiotics that inhibit the formation of the peptidoglycan cell wall
of the bacteria by irreversibly binding to penicillin-binding proteins that bacteria need for wall

construction. These antibiotics, especially piperacillins and carbapenems, are among the most
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effective drugs against P. aeruginosa (Pachori et al., 2019). Among our sequenced isolates, a
relatively large number of B-lactamases were detected, and they include: blaPAQ, blaviM-2,
blaOXA-396, blaOXA-50, blaNDM-1, blaTEM-1B, blaPAU-1, blaPME-1 and blaCARB-
2.Some isolates even harbored two or more different B-lactamases and/or carbapenemases at the
same time. The co-harboring of carbapenemases is a phenomenon that has been greatly
increasing in the past years due to the extensive use of carbapenems and the wide dissemination
of plasmids that carry several antibiotic resistance genes (Pacheco et al., 2019). In our study, a
single isolate (PAH10) was found to simultaneously harbor blacars, blaoxa-ss, blarao, blaoxa-4ss |
blaoxa-so, blarem-ss, blapau-1, and blapme-1 B-lactamases. Two other isolates (PAH14 and PAH27)
were found to harbor blavim-2, a carbapenemase gene that is the dominant metallo-beta-lactamase
type carbapenemase among P. aeruginosa in Lebanon (Al-Bayssari et al., 2014). Moreover,
blavim-2 carrying P. aeruginosa isolates were previously responsible for an outbreak in a
Lebanese hospital (Dagher et al., 2019), hinting at the possibility that the isolates were recovered
during our study might be relatedto those causing outbreaks in other Lebanese hospitals. Similar
to our results, in Japan, thepopulation of VIM-producing P. aeruginosa has significantly

increased between 2014 and2018 (Hishinuma et al., 2020).

Among our tested isolates, few harbored genes that convey resistance to
aminoglycosides.Mainly, only PAH27 and PAH14 harbored genes for aminoglycoside
modifying enzymes(such as aph(3°)-11b, aac(6°)-29b, and aac(6°)-29a), and only PAH10
harbored aph(3°)- Via, aph(3’’)-1b and aph(6)-1d. The rest of the isolates did not have any
aminoglycoside resistance genes and this was reflected with the antibiotic susceptibility profiles

of this setof isolates. This further indicates that the phenotypic and genotypic results are in
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accordance with one to another. Furthermore, P. aeruginosa’s low-level resistance to
aminoglycosides was previously reported in the MENA region as well (Al-Orphaly et al., 2021)
Fluoroquinolone resistance in P. aeruginosa is caused by site-specific mutations that change the
target of this class of antibiotics, as well as an over-expression of efflux pumps that expel the
antibiotic out of the bacterial cell. The most used fluoroguinolones against P.aeruginosa are
ciprofloxacin and levofloxacin (Zhao et al., 2020). PAH1, PAH5, PAH7, and PPH all had the
crpP gene that confers resistance to ciprofloxacin. This gene was first identified on pUM505
plasmid that was isolated from a P. aeruginosa (Botelho et al., 2020). Our results go in line with
results shown in Spain that showed that the spread of crpP genes among P. aeruginosa isolates

alerts the dispersion of MDR pathogens in hospital settings (Hernandez-Garcia et al.,2021).

P. aeruginosa has the ability to form biofilms, which are cells encased in an extracellular
matrix that protects the bacteria within from the host immune system response and compounds
such as antibiotics and disinfectants (Cassin and Tseg, 2019). Among our tested isolates, PAH7,
PAH9, PAH12, PSH and PPH were classified as weak biofilm formers, however, PAH19 and
PAH27 were good biofilm formers, overall, 63% of the isolates had the ability to form biofilms.
This high percentage of biofilm-forming P. aeruginosa was previously shown in Iran where 96%
of MDR clinical P. aeruginosa clinical isolates had the ability to form biofilms (Karami P. et al.,
2019). These biofilms protect the mentioned isolates from the immune system and hamper the

access of antimicrobial agents into the organism (Motta et al., 2015).

The T3SS is another important component that contributes to virulence and pathogenesis.

It is a toxin secretion system consisting of a needle-like apparatus that injects effector proteins
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into the host cytosol. ExoU, ExoT, ExoS, and ExoY are some of these exoenzymes
(Anantharajah et al., 2016). Screening by PCR for the presence of the genes encoding some of
these toxins showed that isolate PAH1, PAH9, PAH9, PAH10, PAH12, and PAH14 harbor exoS
and isolates PAH7, PAH9, PAH12, PAH14, PAH19, and PAH27harbor exoU. Furthermore, we
used VFDB and CARD and detected that PAH1, and PAH19 harbor exoT, while PAH5, PAH?7,
PAH9, PAH10, PAH12, and PAH27 harbor exoY. The presence of these toxin-encoding genes
among clinical isolates can be worryingsince they have the ability to cause a high degree of

pathogenesis in the infected patient.

The presence of these exotoxin genes along with B-lactamases is shown in our isolates,
andthis was also previously reported in P. aeruginosa MDR clinical isolates in Lebanon (Al

Dawodeyah et al., 2018).

Pyocyanin is a phenazine that is a toxic, quorum-sensing mediated metabolite produced
by P. aeruginosa, and helps the bacterium cope with oxidative stress (Castafieda-Tamez et al.,
2018). In our isolates, pyocyanin was present in PAH10, PAH12, and PAH19 encoded by phzH.
Furthermore, pyoverdine is a class of siderophores produced by P. aeruginosa, it hasa yellow-
green fluorescence, it plays a major role in iron supply and is considered an important virulence
determinant. Among our isolates, only PAH10 and PAH19 harbored the pyoverdine encoding
genes pvdQ and pvdL (Codd et al., 2021). Pyoverdine is greatly correlated with pathogenesis,
where pyoverdine inhibitors were shown to be effective toolsto combat MDR P. aeruginosa

strains, regardless of their antimicrobial resistance profile (Kang et al., 2019).
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Six phages were identified in five of the sequenced isolates and they are pPMKPA34-1,
pCO_Eco4457-1, pBS512_ 2, pHAD28, pCAV1857-3223, and Stenotrophomonas rhizophila
strain KC1 plasmid. PSH harbored pMKPA34-1, this plasmid was first isolated in India in 1997,
it harbors traN gene which encodes the mating pair stabilization protein, important for bacterial
conjugation and is common among Enterobacteriaceae, giving the bacterium the potential to
exchange with other members within this family; isolates harboring pMKPA34-1 have been
shown to be involved in increased virulence (Ning Dong et al., 2022). pHAD28 was detected in
PAH14 and PPH, this plasmid harbors qnrB19 which is a plasmid-mediated quinolone-resistant
determinant. This goes in accordance with our susceptibility results, where PPH and PAH14
were resistant to ciprofloxacin. Furthermore, pCO_Eco04457-1 was detected in PAH10, it
harbored the T6SSgenes including vgrG. The T6SS is an important fitness determinant among
bacterial communities. This system secretes effectors that limit the growth of neighboring
bacteria, allowing the secreting bacteria to outgrow and out compete the others, therefore, giving
PAH10 an advantage over other bacteria. This also is in accordance with the detection ofppkA in
PAH10, which is a component of the T6SS, it plays a role in enhancing effector secretion (Han

etal., 2019).

Lastly, we used in this study a whole-genome-based approach to compare the genetic
relatedness, antimicrobial resistance, and virulome of our P. aeruginosa, P. putida, and P.stutzeri
isolates. Co-selection of resistance and virulence determinants were observed among several

isolates, highlighting the emergence of hyper virulent MDR isolates. The spread of these isolates
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among several Lebanese hospitals causes a great public health concern that requires a multi-
factorial approach to fight against. This includes the proper use of antibiotics, active infection
control measures, and preventive approaches such as patient isolation. Moreover, monitoring
these hyper virulent MDR isolates circulating among Lebanese hospitals can prove to have
several long-term benefits such as the epidemiological control that allows to halt the

dissemination of these isolates among Lebanese patients.
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